Diabetes mellitus is reported to impair peripheral nerve axon numbers in diabetic mice. Histological studies distal to crush or transection identified substantial delays in the regeneration, but the extent, timing and selectivity of the deficit is unclear. We studied regeneration of motor and regrowth of the numbers and calibre of regenerating myelinated fibres in diabetics for up to 8-10 weeks. sensory fibres in mice with experimental diabetes induced using streptozotocin (STZ). The mouse model featured Moreover, this delay was observed in both the tibial (largely motor) and sural (non-motor) distal sciatic several advantages over its counterpart in rats given STZ, while exhibiting the expected slowing of motor conduction branches. There was an associated delay in macrophage invasion and their later resorption in the diabetic velocity. Serial studies addressed fibre regrowth for up to 10 weeks after both sciatic nerve crush injury and nerves, indicating that a potential mechanism of impaired regeneration might be abnormal macrophage complete sciatic nerve transection. Following nerve crush, there was a delay in motor fibre reinnervation of tibial participation in nerve repair. Our findings indicate that during nerve regeneration, diabetic motor and sensory innervated interosseous muscles of diabetics, manifest as a slow recovery of the M-wave recorded from these fibres have substantial and persistent deficits in regrowth associated with abnormalities in macrophage muscles. Despite an apparent recovery in M-waves by 6 weeks, this was not accounted for by restitution of tibial participation.
Introduction
Regeneration of a peripheral nerve can be influenced by demyelination and axonal degeneration (Dyck et al., 1990) , and unfortunately there is a less favourable recovery in numerous factors. For instance, injuries that sever the nerve far from its target (Gordon and Fu, 1997) and an advanced diabetics after decompression surgery (Haupt et al., 1993; Ward, 1997) . age of an animal (Himes and Tessler, 1989) limit the regenerative potential. Alternatively, immediate surgical
Regenerative success is noted to be inversely related to the duration of diabetes in rats (Ekstrom and Tomlinson, repair (Brown, 1972) and prior conditioning lesions (Oblinger and Lasek, 1984; Tetzlaff et al., 1996 Tetzlaff et al., ) enhance regrowth. 1990 ). Bisby (Bisby, 1980) showed a delay in the onset of regeneration after crush injury that later also influences the Regeneration requires that extensive metabolic resources are available in order to bridge the gap between proximal and elongation rate of axonal sprouts (Ekstrom et al., 1989) . A delay in initial sprouting could lead to a lapse in nerve fibre distal nerve stumps and to allow for maturation of the nerve fibres.
maturation with a decrease in myelin thickness and axon diameter. Such a blunted maturation of fibres occurs as early Diabetic patients are highly susceptible to acute nerve compression or entrapment injuries (Shahani and Spalding, as 14 days after injury in streptozotocin (STZ)-induced diabetic rats (Maxfield et al., 1995) . Humans with diabetic 1969; Phalen, 1970; Fraser et al., 1979; Stevens et al., 1992; Chammas et al., 1995) . Compression may result in sensory polyneuropathy also had decreased numbers of
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regenerating profiles a year following sural nerve biopsy, a 2, 70 mg/kg; day 3, 55 mg/kg). Control animals received equivalent volume doses of the citrate buffer solution. deficit that was shown to be dependent on the severity of neuropathy (Sima et al., 1988; Bradley et al., 1995) . An Hyperglycaemia was verified 1 week later by sampling from a tail vein. A fasting whole-blood glucose ജ 16 mmol/l (normal impaired neuronal regenerative programme could develop in diabetes as a result of a number of factors such as a failed 5-8 mmol/l) was our criterion for experimental diabetes (Zochodne et al., 1995) . Whole-blood glucose tests were upregulation of neurotrophins and their receptors (Ekstrom et al., 1989; Unger et al., 1998; Vo and Tomlinson, 1999) or carried out using an Accuchek IIm (Boehringer Mannheim, Dorval, Quebec, Canada), while plasma glucose was checked neuropeptides (Calcutt et al., 1993) and impaired axonal transport or neuronal synthesis of critical cytoskeletal proteins with a glucose oxidase method (Ektachem DT-II Analyzer; Eastman Kodak Company, Rochester, NY, USA). such as neurofilaments and tubulin (Jakobsen et al., 1981; McQuarrie and Lasek, 1989; Mohiuddin and Tomlinson, 1997; McLean, 1997; Scott et al., 1999) .
STZ-rats typically have been examined in studies of
Surgery
Four-week diabetic and control mice were anaesthetized with diabetic nerve regeneration. Results obtained from such studies may be distorted by a prominent weight difference sodium pentobarbital (65 mg/kg, i.p.). Left sciatic nerves were exposed by blunt dissection and either crushed or between diabetics and controls. In addition, it has been argued that STZ and subsequent hyperglycaemia may retard normal transected at mid-thigh level. Crush injury was delivered using a pair of watchmaker's forceps for 15 s while complete growth rates of the rats, resulting in deficient regeneration and a delayed conduction velocity unrelated to hyperglycaemia nerve transection was carried out using microscissors. A single suture (4-0 silk; Ethicon, Somerville, NJ, USA) in an (Sharma et al., 1981; Dockery and Sharma, 1990) . STZ-mice may serve to be a better model of diabetes since they have adjacent muscle level served as a reference for the injury zone. Once injuries were created, muscle and skin were an earlier maturity with a negligible weight loss following diabetes initiation. Pancreatic lesions and progression of resutured in layers and the animals were allowed to recover. the disease in STZ-mice also mimic recent onset insulindependent diabetes mellitus (IDDM) in human patients (Gepts, 1965; Eisenbarth, 1986) .
Electrophysiology
Electrophysiological recordings were made under anaesthesia This study was undertaken to characterize the peripheral nerve regenerative response in an STZ-mouse model of (Nicolet Viking I EMG machine; Nicolet, Madison, Wis., USA) as reported elsewhere in rats (Zochodne et al., 1992) . diabetes. We examined diabetic axon regeneration following peripheral nerve transection or crush, two injuries with highly Motor conduction in sciatic-tibial fibres was assessed by stimulating at the sciatic notch and knee while recording the different regenerative success. Since diabetes preferentially may target sensory over motor nerves, both were examined M-wave (compound muscle action potential) from the tibialinnervated dorsal interossei foot muscles. Recordings were in order to verify whether there is a difference in regeneration between them.
carried out at 0-10 weeks post-injury. All stimulating and recording used platinum subdermal needle electrodes (Grass Instruments; Astro-Med Inc., West Warwick, RI, USA) with near nerve temperature kept constant at 37°C using a
Methods
subdermal thermistor connected to a temperature controller and heating lamp.
Animals
Procedures used in this study were approved by the Animal Care Committee of the University of Calgary and carried out in accordance with the 'Guide to the Care and
Morphometry
At 2, 4, 8 and 10 weeks post-injury, experimental animals Use of Experimental Animals' issued by the Canadian Council on Animal Care. Adult male Swiss Wistar mice were anaesthetized. Left and right sciatic and distal sural nerves were removed and processed for epon embedding (20-30 g, n ϭ 60) were used in this study (BioSciences, University of Calgary). Animals were housed two per plastic . Animals subsequently were euthanized with an overdose of sodium pentobarbital. Briefly, cage on a 12-12 h light-dark cycle with food and water available ad libitum. A number of animals were kept samples were fixed in 2.5% glutaraldehyde in 0.025 M cacodylate buffer overnight, serially washed in 0.15 M individually in cages to ensure that apparent autotomy injuries were self-inflicted and not due to conflicts with cage-mates.
cacodylate buffer, post-fixed in 2% osmium tetroxide in 0.12 M cacodylate, dehydrated using a series of graded Mice were assigned randomly to either a diabetic or control group prior to the commencement of the experimental alcohols and propylene oxide, and embedded in epon. (Auer, 1994) . Video images were obtained with a light microscope (Axioplan; Zeiss, North York, Ontario, Canada) and attached video camera (Sony AVC-D7; Toronto, Ontario, Canada)
interfaced with a computer. The computer-assisted image Myelinated fibre density and number in uninjured tibial analysis allowed for the determination of density, number fascicles were not influenced by diabetes at any time point. and size frequency of intact myelinated fibres, axon diameter Fibre and axonal diameter and area, along with myelin and area, and myelin thickness. All counting was performed thickness were also unchanged (Table 3) . Elevated numbers with the microscopist blinded to the animal group. Degeneratand densities of endoneurial macrophages were, however, ive axon profiles and macrophages were counted according seen in diabetic tibial fascicles at later stages of diabetes (12 to the criteria of Midroni and Bilbao (Midroni and Bilbao, and 14 weeks; P Ͻ 0.05). This rise in macrophage number 1995). Macrophages were identified as cells containing large coincided with an increased number and density of amounts of amorphous debris (Midroni and Bilbao, 1995, degenerating axon profiles at the same time points (12 weeks pp. 61 and 62). Degradation of myelin into lipid and P Ͻ 0.05; 14 weeks P Ͻ 0.01). However, since the actual cholesterol esters often gave macrophages a foamy appearnumber of degenerating profiles was quite small, the findings ance under light microscopy (Midroni and Bilbao, 1995, were not associated with a detected decline in numbers or p. 396).
density of intact myelinated fibres. Sural fascicles were studied at both the same level as the tibial fascicle (proximal to trifurcation) and also 5 mm distal
Autotomy measurement
to the trifurcation. Axonal calibre (diameter and area) in The autotomy measurement was based on previous scales diabetes was similar to control values (Table 3) . Myelin was developed to describe the self-inflicted loss of different parts thinner at both sample sites in diabetic mice at later stages of the foot or distal extremity following a sciatic nerve lesion.
of diabetes (12 and 14 weeks; P Ͻ 0.01) but overall fibre The scale used was a modification of those developed by area and diameter had only a non-significant trend toward Wall and colleagues (Wall et al., 1979) and Banõs and lower values in diabetics. There was a distal decrease in colleagues (Banõs et al., 1994) . Mice with progressive overall fibre density and number in diabetics (12 and 14 autotomy were sacrificed by an overdose of pentobarbital.
weeks; P Ͻ 0.05). Numbers and densities of degenerating axon profiles were also increased (12 and 14 weeks; P Ͻ 0.05) at both sural levels, with the most distal sampling point also having an elevated number and density of macrophages
Statistics
( Fig. 1 ). All data are presented as the mean Ϯ standard error of the mean. Data were analysed by a one-way analysis of variance (ANOVA) with appropriate Bonferroni corrected post hoc Student's t-test comparisons. In all tests, statistical
Injured nerve
significance was set at α ϭ 0.05.
Electrophysiology
A mid-thigh crush of the sciatic nerve resulted in delays in the recovery of motor conduction velocity ( Fig. 2) and of
Results
the sciatic-tibial territory M-wave in diabetic mice. These
Animals and diabetes
findings were prominent at 3-6 weeks following crush injury Diabetic animals demonstrated features of hyperglycaemia (P Ͻ 0.05), then recovered. Transection injury produced a including polydipsia, polyuria and a decrease in activity.
slowed recovery of conduction velocity in the reinnervating Whole-blood glucose measurements verified significant fibres of diabetics, but M-wave recovery in both groups was hyperglycaemia beginning 1 week following the final STZ significantly delayed (Table 2 ). injection. Weights of diabetic and control mice were similar throughout the experimental period (Table 1) .
Morphometry
Diabetic tibial fascicles did not show any apparent
Intact nerve
regenerative delay at 2 weeks following nerve injury (transection or crush) but did have significantly thicker myelin
Electrophysiology
Baseline motor conduction velocity and M-wave amplitudes sheaths (Fig. 3) . Fibre number and density were decreased in diabetics at 8 weeks (final time point) following crush and in the sciatic-tibial nerve territory at the beginning of the experiment were similar in diabetics and controls (Table 2) .
at 10 weeks (final time point) following transection (Fig. 4) . Diabetic fibre and axon diameters were smaller at 4 and 8 A significant slowing of conduction velocity in the uninjured sciatic-tibial nerve was evident in diabetic mice at 6 weeks weeks (P Ͻ 0.05) after crush and at 10 weeks following Data are presented as mean Ϯ SEM. Diabetics and non-diabetics were compared using a one-way ANOVA with Bonferroni post hoc tests. Week 1 glucose measurements are of whole blood while other time-points are comparing plasma glucose levels. All measurements were taken following an overnight fast. *P ഛ 0.05; **P ഛ 0.01; ***P ഛ 0.001. (n ϭ 60 total; 6/group.) Data are presented as mean Ϯ SEM. Non-diabetic controls and diabetics were compared at each time point using a one-way ANOVA with Bonferroni post hoc Student's t-tests. *P ഛ 0.05; **P ഛ 0.01. (n ϭ 60 total; 6/group.) Sural 1 denotes a sampling site proximal to the sciatic trifurcation (same level as tibial) while sural 2 is 5 mm distal to the trifurcation. At least six animals per group were sampled. Diabetic and control animals were compared on each parameter using a one-way ANOVA with Bonferroni corrected post hoc Student's t-test comparisons (α ϭ 0.05). Macro ϭ macrophage; Deg. profile ϭ degenerating profile. *P ഛ 0.05; **P ഛ 0.01. transection (P Ͻ 0.05). Fibre and axon areas were also Diabetic sural nerves at both 10 and 15 mm below the lesion site demonstrated decreased fibre and axon diameters reduced in diabetics (P Ͻ 0.05) following crush (4 and 8 weeks) and transection (10 weeks). Diabetic tibial fascicles (4 and 8 weeks post-crush, P Ͻ 0.05; and 10 weeks posttransection, P Ͻ 0.05). Fibre and axon areas were similarly had significantly thinner myelin sheaths at 4 and 8 weeks after crush (P Ͻ 0.05). Fewer macrophages were recruited undersized in diabetic mice at both sample sites (8 weeks after crush and 10 weeks after transection; P Ͻ 0.05 and into the diabetic tibial fascicle 2 weeks post-crush, but macrophage numbers and densities increased later (8 weeks P Ͻ 0.01, respectively). Fibre number and density were compromised in diabetics following crush at 4 and 8 weeks, post-crush and 10 weeks post-transection), as control values declined, and persisted during the attempted regenerative and after transection at 10 weeks (P Ͻ 0.05). Myelin was thicker in diabetic sural nerves immediately after crush process (Fig. 5) . The number and density of degenerating axon profiles were also increased in diabetic tibial fascicles (2 weeks), but regenerating fibres later fell below control levels (4 and 8 weeks; P Ͻ 0.05). Transection injury also at 4 and 8 weeks after crush (Table 4) . yielded thinner myelin in diabetics after 10 weeks (P Ͻ 0.01).
Discussion
Macrophages were once again elevated in control animals at
The major findings of the present work are: (i) STZ-2 weeks post-injury (transection and crush) but to a lesser mice have a slowed motor conduction velocity in uninjured extent in diabetic mice. The increase in the number of sciatic-tibial nerves, resembling human diabetic neuropathy, macrophages at 2 weeks coincided with an increased number but with relatively preserved nerve morphometry in tibial and density of distal (15 mm) degenerating units in control fascicles; (ii) uninjured sural nerves of diabetics exhibit animals compared with diabetics (P Ͻ 0.01). Macrophage decreased myelin thickness and a distal loss of fibres; (iii) number and density rose later in diabetics and tended to there is a delay in the recovery of the sciatic-tibial M-wave, remain above control levels following crush (4 and 8 weeks;
indicating slower target muscle reinnervation, and in motor P Ͻ 0.05) and transection (10 weeks; P Ͻ 0.05). Degenerating conduction velocity in diabetic mice following nerve injury; unit density also increased at 4 and 8 weeks after crush (iv) nerve injury is associated with slowed regrowth and (Tables 5 and 6) . maturation of regenerating fibres in diabetic mice, observed as decreased fibre density and number as well as decreased fibre and axon calibre distal to the injury zone; (v) diabetes influences the infiltration and resorption of macrophages
Autotomy
following nerve injury; and (vi) autotomy behaviour was Autotomy scores in diabetic mice were higher and occurred elevated in diabetic mice. earlier than in non-diabetics following injury. The scores,
It is important to note that STZ-mice developed severe however, did vary among individual animals, and autotomy hyperglycaemia without the weight loss characteristic of STZ-rats. Control and diabetic mice were of the same age, did not occur in all. Scores were zero for the contralateral paw. 5 The number of persistent endoneurial macrophages in the tibial fascicle following ipsilateral sciatic nerve injury. Crush injury is demonstrated at 2, 4 and 8 weeks. Transection injury is specified at the 10-week time point. Data are presented as mean Ϯ standard error of the mean. Diabetics (black bars) and non-diabetics (cross-hatched bars) were compared using a one-way ANOVA with Bonferroni post hoc Student's t-tests. Contra; contralateral tibial fascicle. *P ഛ 0.005, **P ഛ 0.01. and diabetes was initiated after animals had reached maturity.
accounted for by abnormalities in nerve polyol flux (Gabbay et al., 1966; Greene et al., 1987 Greene et al., , 1992 . Polyol accumulation The STZ-mouse model eliminates sources of variability that may have arisen in previous studies of STZ-rat models.
produces decreased Na ϩ ,K ϩ -ATPase activity, with intraaxonal sodium accumulation leading to slowed conduction As in human diabetes, our STZ-mice had reduced motor conduction velocity in the sciatic-tibial nerve despite normal of action potentials (Gould, 1976; Mandersloot et al., 1978) . Paranodal and segmental demyelination that is seen in STZ fibre calibre. STZ-rat models are also observed to develop significant slowing of motor and sensory conduction velocity and Bio Breeding/Wistar rat models theoretically may also contribute to conduction slowing in the mouse model (Sima early after the development of hyperglycaemia (Kalichman et al., 1998; Cameron et al., 1999) but with no evidence of and Sugimoto, 1999). In our model, intact diabetic sural axons had a reduced fibre loss or degeneration (Sharma and Thomas, 1987) . Conduction slowing without changes in fibre calibre may be myelin thickness and there was a distal loss of fibres at the Six animals per group at each time point were used in the experiment. Data are presented as mean Ϯ SEM. Diabetics (D) and non-diabetic controls (N) were compared on each parameter using a one-way ANOVA with Bonferroni post hoc Student's t-tests. Macro ϭ macrophage; Deg. profile ϭ degenerating profile. *P ഛ 0.05. Six animals per group were used at each time point. Data are presented as mean Ϯ SEM. Diabetics (D) and non-diabetic controls (N) were compared on each parameter using a one-way ANOVA with Bonferroni post hoc Student's t tests. Macro ϭ macrophage; Deg. profile ϭ degenerating profile. *P ഛ 0.05; **P ഛ 0.01.
end point of the study. Axonal atrophy and degeneration of Tomlinson, 1983; Larsen and Sidenius, 1989) . Diabetic dorsal root ganglion neurones may also be prone to oxidative stressboth myelinated and unmyelinated fibres are often noted in nerve biopsies from diabetic patients, with the most severe related damage, leading to loss through apoptosis (Greene et al., 1999) . fibre loss occurring in distal sensory nerves such as the sural (Dyck et al., 1986) . Distal loss of fibres in sural nerve may As expected, regeneration was more robust, both electrophysiologically and histologically, following crush support the concept that defects in growth factor synthesis, uptake or signalling contribute to diabetic neuropathy. The injury than after transection. This is due to the preservation of endoneurial tubes after crush injury, thereby providing a synthesis of growth factors such as nerve growth factor (NGF) (Faradji and Sotelo, 1990; Hellweg and Hartung, guide for regenerating axons. The apparent recovery of the M-wave by 6 weeks post-crush injury in diabetics despite 1990) and insulin-like growth factor (IGF-1) (Ishii, 1995; Zhuang et al., 1997) accessory or double endings on muscle fibres (for a review, see injection of substance P, histamine or capsaicin into the medial forearm (Aronin et al., 1987) . Excessive accumulation of Wernig and Herrera, 1986) in an attempt to compensate for loss of adjacent nerve fibres (Rafuse et al., 1992) .
advanced glycation end-products (AGEs) and low density lipoproteins (LDLs) in the vascular matrix combined with Diabetics had delayed fibre regrowth and maturation, characterized by decreased fibre numbers, density, diameter, endothelial vascular wall thickening in diabetic rats will produce a narrowing of vessel luminal area (for a review, see area and myelin thickness distal to the injury site. Sensory (sural) and mixed (tibial) nerves were similarly involved. An Brownlee, 1997 ) that may also contribute to relative ischaemia (Maeda et al., 1999) . impairment in regeneration could be due to several factors at the time points we studied, that involve components of the Macrophages assist Schwann cells in phagocytosing axon and myelin debris following nerve injury (Beuche and Friede, regeneration process. Diabetic nerves may simply lag behind in nerve fibre outgrowth from the outset, leading to dramatic 1984, 1990 ; for a review, see Perry et al., 1993) . Wallerian degeneration is delayed if there is an impairment in the invasion differences at later sampling points. Nerve injury typically upregulates various growth-associated genes and of macrophages (Perry and Brown, 1992) while enhancement of macrophage influx results in a greater regenerative capacity neuropeptides through the retrograde cell body reaction. Enhanced expression of growth-associated protein-43 (GAP- (Miyauchi et al., 1997; Prewitt et al., 1997) . He and colleagues (He et al., 1996) noted that in mice, macrophages typically are 43/B-50) is one critical component for neuronal outgrowth (Meiri et al., 1998) and has been reported to be depleted in enlisted to the endoneurium 3-5 days post-transection or postcrush until 15-20 days. Conti and colleagues (Conti et al., diabetics (Maeda et al., 1996; Scott et al., 1999) . Impaired regeneration cannot be explained completely by a deficient 1997) demonstrated immunocytochemically that macrophage activation is abnormal in diabetic rats and that they expression of GAP-43/B-50 since even high levels of this protein do not guarantee prolonged axonal outgrowth (Chong inappropriately infiltrate the endoneurium 2 weeks after diabetes induction. Acute hyperglycaemia has been noted to et al., 1994; Buffo et al., 1997) . GAP-43/B-50 may be more important in later axonal guidance (Strittmatter et al., 1995) .
impair the respiratory burst of alveolar macrophages (Kwoun et al., 1997) and to inhibit their release of interleukin-1 (ILDiabetic regenerative clusters may also have difficulty elongating because their original basal laminae persist even at 1) (Hill et al., 1998) , important in the upregulation of NGF (Lindholm et al., 1987; Horie et al., 1997) . A comparatively advanced stages of regeneration (Bradley et al., 1995) .
Deficits in the nerve trunk content or action of vasoactive reduced number of macrophages observed in diabetic mice early after injury may indicate that there is a deficit in Wallerian neuropeptides such as calcitonin gene-related peptide (CGRP) and substance P in diabetics may limit the hyperaemic flare in degeneration. For example, enhanced phosphorylation of neurofilaments may produce a lag in Wallerian degeneration by nerve microvessels following nerve injury, perhaps rendering a relative ischaemic state. Zochodne and Ho found a blunting promoting resistance to calpain-mediated proteolysis (Terada et al., 1998) . in the hyperaemic response to capsaicin in diabetic rats (Zochodne and Ho, 1993) . A diminished flare reaction was Macrophages must be inactivated once their role in the regenerative process is complete. This inactivation may be also evident in human diabetes in response to intra-epidermal
